Tuberculosis control is failing in many sub-Saharan African cities despite successful implementation of the World Health Organization's directly observed treatment short-course strategy (1) . In Cape Town, South Africa, the notification rate of tuberculosis was 909 cases per 100,000 persons in 2009 (2) . Although human immunodeficiency virus (HIV) has been an important driver of the epidemic, the prevalence of tuberculosis among patients not infected with HIV is among the highest ever reported in the world, and it is likely that other factors are contributing to high rates of tuberculosis transmission.
Household contact investigations are key components of tuberculosis control programs in Western countries, as the majority of transmission is thought to occur among close household contacts. However, studies in which the molecular epidemiology of tuberculosis in these settings has been characterized have suggested that the majority of transmission takes place outside of the household (3) (4) (5) . In addition to the prolonged duration of infectiousness prior to diagnosis (6) , the environmental and social conditions present in South Africa may be favorable to tuberculosis transmission in the community.
Few South Africans living in urban townships own automobiles; the majority relies upon formal or informal public transportation methods for transit to school and work (7) . These densely crowded and often poorly ventilated environments could pose a significant risk of the transmission of airborne infections, including tuberculosis, as has been documented in various modes of transportation elsewhere (8) (9) (10) (11) (12) . Studies among transportation sector workers in Lima, Peru, found tuberculosis infection and incidence rates that were several-fold higher than the population averages (13, 14) . Little is known about the populationlevel contributions of public transit to tuberculosis transmission in developing countries.
We estimated ventilation rates in various modes of transportation using continuous carbon dioxide monitoring and applied adjustments to the classic Wells-Riley equation for infection risk in indoor settings to estimate the risk of tuberculosis infection and disease attributable to public transit in a South African city.
MATERIALS AND METHODS

Model development
In the classic Wells-Riley equation, the rate of tuberculosis transmission is proportionate to the number of infectious individuals in a room (I), the per-person breathing rate ( p), the rate of generating infectious quanta (q), and the duration of exposure (t) and inversely proportionate to the germ-free ventilation rate (Q) (15) . The probability of infection is Poisson-distributed, and the probability (P) of any infection is given by the following equation:
Because this equation requires a steady state of quantum concentration and ventilation rates are difficult to measure directly, Rudnick and Milton (16) revised the equation to represent a non-steady-state relationship in which the ambient carbon dioxide concentration ( produced predominantly by human respiration) could be used to estimate the fraction of carbon dioxide that was rebreathed by other occupants of a room. The rebreathed fraction enables estimation of the probability of infection in the space by the following relationship:
Here, f is the average rebreathed fraction, which is derived by estimating the difference between the indoor carbon dioxide concentration and the outdoor air carbon dioxide concentration and dividing that estimation by the carbon dioxide concentration in exhaled air (see the Web Appendix, available at http://aje.oxfordjournals.org/). The annual risk of infection is a commonly used measure of tuberculosis control, as it can be estimated from tuberculin skin test surveys. We used data on use of public transit (see the Data sources section) to estimate the annual risk of infection as a function of time (t) spent in various forms of transit. The basic reproductive number (R 0 ) is the average number of infectious individuals created by a single infectious person in a completely susceptible population. R 0 can be separated into component modes of transmission; we estimated the transport-associated R 0 by estimating the number of secondary infections generated and the probability of each infected individual developing active infectious tuberculosis (Web Appendix). We adjusted natural history risk for primary and reactivation tuberculosis and mortality according to HIV co-infection. We performed 1-way and 2-way sensitivity analyses for key model parameters (Web Figure 1 ).
Data sources
Using a portable continuous carbon dioxide sampling device (Extech Instruments, Waltham, Massachusetts) sampling at 5-second intervals, research staff collected carbon dioxide data and recorded numbers of passengers commuting via taxis, trains, and buses. Taxis are multipassenger minibuses that travel defined routes, with individuals boarding and disembarking at various points along the route, similar to standard municipal buses. Research staff collected data from 9 to 10 trips for each mode of transit. The monitor was calibrated against an LCA2 infrared gas analyzer (The Analytical Development Co. Ltd., Hoddesdon, United Kingdom).
In the models used to estimate the annual risk of infection and R 0 , we used tuberculosis and HIV epidemiology parameters from studies conducted in townships around Cape Town and natural history parameters from the literature (Web Table 1 ). Data on usage of public transit were derived from a national survey (7) .
Among the most difficult parameters to estimate was the infectious quanta produced per hour (q) by an infectious individual. In their classic experiments, Wells and Riley built rooms above tuberculosis patient wards to house guinea pig cages, with the ventilation flowing upward (15, 17) . Using the number of infectious individuals on the wards, the duration of exposure, and ventilation characteristics, they estimated q to be 1.25 quanta/hour for smear-positive individuals, with considerable variability. Estimates were markedly higher for laryngeal tuberculosis (60 quanta/hour), the most infectious form of tuberculosis. Half a century later, Escombe et al. (18) repeated these experiments among HIV-infected individuals in a Peruvian tuberculosis ward and estimated q at 8.2 quanta/hour. We used 1.25 quanta/hour for our base case estimates.
RESULTS
Average carbon dioxide concentrations over time during single trips in the 3 modes of transportation are shown in Figure 1 . The lowest carbon dioxide levels were observed in trains (mean = 1,000 ppm); intermediate levels were recorded in buses (mean = 1,150 ppm); and the highest levels were documented in taxis (mean = 1,800 ppm). For reference, the average outdoor ambient carbon dioxide concentration is 410 ppm; guidelines recommend that indoor carbon dioxide concentrations be maintained at less than 1,000 ppm to avoid discomfort and odor (19, 20) . Trains exhibited less intertrip temporal variability in carbon dioxide levels concentrations than did taxis and buses, and buses demonstrated the greatest intratrip fluctuations in carbon dioxide concentrations.
We evaluated the risk of tuberculosis infection for a passenger traveling in a vehicle with 1 infectious individual according to mode of transit, as infectiousness (q) varied. For the mean q estimated using the Wells-Riley equation (1.25 quanta/hour), the probability of infection was less Modeling TB Transmission in Public Transit 557 than 0.5% in a single trip (Web Figure 2) . At the q estimate derived using the formula of Escombe et al. (8.2 quanta/hour), the risk of infection was less than 1% for trains and buses but was nearly 1.5% in taxis. As q increased to that of laryngeal tuberculosis (60 quanta/hour), the risk of infection from a single taxi journey was projected to be greater than 11%, though it was significantly lower for trains and buses.
We projected the annual risk of infection attributable to using mass transit according to the number of (1-way) trips taken in a year in various modes of transit (Figure 2 ). For individuals who took 400 trips per year, as in the case of daily commuters (accounting for holidays), the projected risk of infection associated with transit ranged from 3.5% to 5.0%, with the lowest risk on buses and the highest risk on taxis.
We estimated the R 0 attributable to various modes of public transportation and examined its sensitivity to the frequency of use of transit and the duration of infectiousness (Figure 3 ). For individuals using taxis, daily use of taxis and moderate estimate of infectiousness (8 months) was associated with a R 0 greater than 1. Slightly higher rates of usage or longer duration of infectiousness (11 months) were needed to acheive a R 0 greater than 1 on buses, which carried more susceptible passengers but had better ventilation. On all 3 modes of transit, daily commuting (10 trips/week) was associated with a R 0 greater than 1 for an infectious period of 1 year.
A substantial proportion of contacts in public transit may be recurrent (similar routes or schedules). Because of the saturation of infection among local contacts, recurrent contacts attenuate the R 0 . We examined the impact of this association in each mode of transit. The impact of contact recurrence was greater for transit in taxis, which carry a smaller number of passengers, than for trains or buses (Web Figure 3) . Although trains have much higher ventilation rates than do taxis, as the proportion of contacts that are recurrent increased, the reproductive number of taxis approached that of trains.
DISCUSSION
The frequency and nature of social contacts are key determinants of epidemics of infectious diseases spread by a respiratory route. A previous study in a South African township found that residents had close indoor contact with more than twice as many people per day than did people in studies from Europe (21, 22) . These social conditions may be underappreciated drivers of the tuberculosis epidemic in this setting. We demonstrated that the environmental conditions in public transit, where many of these contacts take place, may be important determinants of tuberculosis transmission. More than three-fourths of public transit commutes in urban South Africa take place in minibus taxies, and these taxies were projected to be the highest-risk environment because of crowding and poor ventilation, despite the fact that they carry the smallest number of passengers (7) .
The annual risk of tuberculosis infection in townships near Cape Town has been estimated to be 3%-7% (23, 24) . We projected the annual risk of tuberculosis infection attributable to public transit among daily commuters to be 3.5%-5.0%. The R 0 attributable to transit for a daily commuter was greater than 1, suggesting that tuberculosis could be very difficult to control under the current socioenvironmental conditions in urban South Africa.
As with results from all model-based analyses, our results must be considered in light of the model assumptions and quality of data utilized. In particular, the quantum generation rate parameter was derived from studies in which investigators observed rates of infection in guinea pigs that shared air with hospitalized patients, who may have had greater burden of disease and therefore have been more infectious. The 2 available estimates differed significantly, and we utilized the more conservative estimate. Notably, other estimates have been even higher (25) . As anticipated, we found this to be the most important model parameter, which limited any quantitative projections. We did not use differential infectivity for HIV-infected and -uninfected individuals, as data have been conflicting. We did not explore the relevance of interindividual variability in infectiousness, which has implications for the speed and probability of epidemic emergence (15, 18, 26) . Additionally, we did not examine individual variability in infectiousness over time, as there is a paucity of data to inform this parameter. More research is needed to improve our understanding of infectious quanta generation and facilitate more accurate quantitative modeling.
We assumed that individuals with active tuberculosis continued to use public transit, though it is possible that once symptomatic enough, individuals would stay home or otherwise decrease their use of public transportation. However, as the best estimates of the duration of infectiousness exceed 1 year (6) and individuals may be infectious long before they are debilitated, this approximation is likely reasonable. If individuals curtailed their use of public transit earlier in the course of disease, the duration of their infectiousness would be reduced, as examined in sensitivity analysis.
The measurement of carbon dioxide to assess ventilation was first described over 135 years ago (27) ; however, the use of carbon dioxide as a natural tracer gas to assess risk of airborne infectious diseases has been limited. As devices become smaller and decrease in cost, it may be possible to evaluate individuals' environmental risks over time. By defining variation in environmental risk, models of tuberculosis transmission might account for this key element of heterogeneity, thereby improving our understanding of approaches to tuberculosis control.
The public health approach to controlling tuberculosis has focused on 2 components: improving case detection and maintaining high rates of treatment success. Our results suggest that even with substantial reduction in the duration of infectiousness through enhanced case detection, tuberculosis will remain difficult to control in South African cities. Future interventions should target high-risk congregation environments, such as public transit, for interruption transmission, by using active case detection, improving ventilation standards, and potentially implementing "air scrubbing" techniques (filters, ultraviolet light, etc). Control of tuberculosis in South African cities may benefit from new approaches that target these high-transmission environments.
